Uniformly (U) labelled [14C] oleic acid was purchased from the Radiochemical Centre, Amersham, Bucks, and this material was diluted with oleic acid, B.P.
Sodium taurocholate, prepared according to Norman (1955) , contained less than 5% of free cholic acid.
Emulsions of [U-14C] oleic acid in either polyoxyethylene sorbitan monolaurate (Tween 20) or sodium taurocholate were made by first dissolving the fatty acid in I N NaOH, adding the emulsifying agent, adjusting the pH to 7.0 with HCl, and finally making up to volume so that the composition was (mg./mI.) :[U-14C] oleic acid, 20, with either Tween 20, 50, or sodium taurocholate, 10. The optical density of the Tween emulsion was 0-360 (read at 650 mg in a Zeiss spectrophotometer, PQII, against 0-1 M Na2HPO4) and that of the taurocholate emulsion was 0.450.
An emulsion of [U-14C] oleic acid in 0.1 M Na2HPO4 was prepared by emulsifying in an ultrasonic disintegrator2 for one hour. The pH was adjusted to 7-4 with HCI and the final composition of [U-14C] oleic acid was 8 mg./ml. The optical density was 1090.
Radioactive materials were counted in an Ecko liquidscintillation counter. The liquid scintillator consisted of (g./l00 ml.):2,5-diphenyloxazole, 0.3, and p-bis-2-(5-phenyloxazolyl)-benzene3, 0.0l in xylene. [1-14C] hexadecane was used as a reference material to determine the phosphorescence quenching of individual samples and so that the radioactivity could be expressed as disintegrations per minute. The efficiency of the counting system was 45%; background 12 counts/minute.
EXPERIMENTS WITH THORACIC DUCT FISTULAE
Female white rats, weighing 200 to 250 g., were starved for 24 hr. before operating. Under ether anaesthesia the thoracic duct was cannulated (Bollman, Cain, and Grindlay, 1948) with polyethylene tubing4, 0.5 mm. internal diameter, which had been previously shaped to follow the diaphragmatic contour by heating in water at 900. The cannula was brought through the muscles of the anterior abdominal wall, and threaded under the skin to emerge between the shoulder blades. A glass saddle, larger than that described by Van Zyl (1957) , consisted of two paniers (each of 17.5 ml. capacity) connected by a Y-shaped piece of glass tubing, internal diameter 0.5 cm., and was fixed in place with steel wire skin sutures. The free end of the thoracic duct cannula was inserted into one of the paniers of the glass saddle. When needed polythene tubing was also used to fashion a duodenostomy and cannulate the bile duct. On such occasions these polythene tubes were brought out of the abdomen and under the skin along with the thoracic duct cannula. The bile duct cannula was splintered behind one of the paniers of the glass saddle and allowed to drain freely. Thereafter the animal was placed in an ordinary cage without restraint and allowed to drink ad lib. a solution of (g./100 ml.) glucose, 5; NaCl, 0.5; KCI, 0 04. The day following operation the rats were given [U-14C] oleic acid by stomach tube in early experiments, but later by duodenostomy, Two doses were used: 80.0 mg. of [U-_C] oleic acid was given as the oil (vol. 0.1 ml. delivered by a 0.5 ml. tuberculin syringe), or as an emulsion in Tween 20, or taurocholate (1.0 ml. of emulsion every 15 min. for four doses); 8.0 mg. of [U-14C] oleic acid was given as the oil (vol. 0.01 ml. delivered by a microlitre syringe5), or as an emulsion in taurocholate (vol., 1.0 ml.). The duodenostomy tube was flushed through with 1 ml. of 0.15 M NaCl. The thoracic duct lymph was collected for the next 12 hours and was prevented from clotting by a drop of heparin in the glass saddle, after which the rats were killed under ether anaesthesia. Animals were excluded if abnormalities such as dilated intestinal lymphatics, dilated bile ducts, or hyperaemic intestine were found at necropsy. Animals were also excluded if the collected lymph was grossly blood-tinged, of if the volume was less than 2 ml./hour. The entire gastrointestinal tract was removed, and together with the faeces was saponified for two hours in 50 ml. of equal volumes of ethanol and KOH, 30 g./100 ml. After acidifying, fatty acids were extracted with light petroleum (b.p. 60 to 80°C.), and from the radioactivity in this fraction the amount of unabsorbed [U-14C] oleic acid was determined. As it was found that only 2 or 3 % of the administered 14C was in the intestinal wall in control and bile fistula rats, separate analyses of intestinal wall and lumenal contents were not done routinely.
Lymph from each rat was made up to volume and a portion taken for extraction of lipid. To thechilled (10°C.) portion of lymph, trichloroacetic acid was added so that the final concentration was 5 g./100 ml. After centrifuging (2,500 r.p.m. for 15 min. at 4°C.), lipid was extracted from the precipitate by 20 vol. of CHCl3-methanol (2:1) (Folch, Lees, and Sloane Stanley, 1957 80°C.) . From the amount of radioactivity in a sample of the light petroleum the radioactivity in lymph lipids was calculated, and this value was expressed as the percentage of absorbed radioactivity recovered in lymph lipids.
In about three quarters of the experiments a sample of lymph lipids in light petroleum was placed on a chromatography column, (1 cm. diameter) with silicic acid (1 g.) and 0.5 g. of Hyflow Supercel7. Lipids, other than phospholipids, were eluted with 50 ml. of diethyl ether, evaporated to dryness, and made up to volume with light petroleum (b.p. 60 to 80°C.) . The light petroleum was washed with a mixture of equal volumes of ethanol and 0.5 N NaOH (Borgstrom, 1952a) by passing three lower phases through two upper phases and centrifuging to ensure separation of phases. The free fatty acids were extracted from the combined lower phases with light petroleum (b.p. 60 to 80°C.) after acidifying. After assaying the radioactivity of the upper phase (neutral fats) the results were expressed as the percentage of the lipid radioactivity as free fatty acid. Preliminary experiments showed that the radioactivity in the phospholipid fraction, obtained from control and bile fistula rats given oleic acid either as the oil or an emulsion, never exceeded 3 % of the lymph lipid radioactivity, and was therefore omitted from the calculation. The adequacy of the separation of free fatty acids from the neutral fat fraction was checked by thin-layer silicic acid chromatography (Mangold and Malins, 1960) . The chromatograms were run by ascending technique for two hours at room temperature using diethyl ether, light petroleum (b.p. 60 to 80°C.), and acetic acid (1.0: 9.0:0-1, by vol.). '2 vapour was used for locating unsaturated substances. The Rf value of material extracted by light petroleum from the lower phase was identical with that of an authentic sample of oleic acid. No such spot was detected in samples from the upper phase.
EXPERIMENTS ON RADIOACTIVITY IN PORTAL BLOOD
Under ether anaesthesia, simultaneous samples of blood were taken from the portal vein and abdominal aorta a half to two hours after giving [U_14C] oleic acid (80-0 mg.: 2'0,uc.) by duodenostomy. The preceding day a bile fistula and duodenostomy had been performed in one group of rats, and a duodenostomy only in the control group. Lipid was extracted from the blood samples with 20 vol. of CHCl3-methanol (2:1) and the blood lipids separated into free fatty acids and neutral fat fractions after initial separation of phospholipids. 6-2 7-1 56±+0-9 'Pooled sample from group A. 'In calculating the mean ± S.E.M. it was assumed that the values in groups A, B, and C were from a homogeneous population, as the difference between groups of measurements was not significant (P < 1-0) by analysis of variance (Mainland, 1952) . The mean percent lipid "C as free fatty acid was calculated from the values in groups B and C.
RESULTS OF EXPERIMENTS
absorbed 82-1 % was recovered in lymph lipids. Almost all of the lymph lipid radioactivity was in the neutral fat fraction; only 5-6% was free fatty acid. There was no difference if the fat were given by duodenostomy rather than stomach tube, or if it were given as an emulsion in Tween 20 instead of as the oil.
BILE FISTULA RATS When [U-14C] oleic acid (80-0 mg.; 0-22 ,C) was given as an oil to rats with bile fistulae, there was no significant difference in lymph production when compared with controls (P>0-1); 49-1 % of the administered 14C was absorbed, significantly less than in the control group (P<0-01). The striking difference from the control group was that only 7-2 % of the 14C absorbed was recovered in lymph lipids, and of this amount 28-0 % was free fatty acid. These results suggest that in the absence of bile not only was there an altered route of transport of absorbed oleic acid but there was some failure in esterification of the fatty acid. Further evidence for transport by the portal vein was that the percentage of absorbed radioactivity recovered in the livers of the bile fistula rats was much higher than in the control group (4-7 to 19-2 compared with 0-00 to 0-64), while after giving [U-14C] oleic acid (80-0 mg.; 2-0 ,uC.) the ratio of 14C/ml. of portal blood to aortic blood was 0-97 to 1-17 in the controls compared with 1-24 to 15-00 in the bile fistula rats (Table III) . The other significant fact is that the percentage of the portal blood radioactivity as free fatty acid was higher in the bile fistula group. This suggests that not only is the absorbed oleic acid transported in the portal blood in the bile fistula rat but this has not been esterified by the intestinal mucosa. (80-0 mg.; 0-22 ,uC.) emulsified in either Tween 20 or taurocholate was given to bile fistula rats, although the amount absorbed was not markedly increased, the route of transport was altered (Table IV) . Compared with experiments in which oleic acid was given as the oil to bile fistula rats (Table 11) (Table I) , the percentage absorbed was higher emulsifying agent which might alter the metabolism (0 05>P>001), the percentage of absorbed 14C in of the small intestinal mucosa. Such an emulsion lymph lipids was less (P<0 01), and less of the lymph was prepared in an ultrasonic disintegrator, but the lipid 14C was free fatty acid (P<0 01). maximum concentration of oleic acid obtainable by this method was 8.0 mg./ml. Therefore, it was BILE FISTULA RATS When [U-14C] oleic acid (8-0 mg.; necessary to have series of rats with and without bile 0.22 ,uC.) was given as the oil to the bile fistula rats, 87-1 ± 3-6 (7) 48-1 ± 5.2 (5) 46-7 ± 3.9 (4) 65.6 ± 2-6 (4)
63-2 ± 2-5 (7) 13-9 1*4 (5) 727 ± 85 (4) 825 ± 41 (4) 1-8 + 0-02 (7) 24-6 ± 3.5 (5) 23-3 ± 4-6 (4) 19 ± 012 (4) 'The results are expressed as the mean ± S.E.M. with the number of observations in parentheses.
Group group.bmj.com on June 22, 2017 -Published by http://gut.bmj.com/ Downloaded from 481 % was absorbed, 13.9 % of the absorbed 14C was recovered in lymph lipids, and 24.6 % of the lymph lipid 14C was free fatty acid. Comparing these results with the controls given 8-0 mg. of oleic acid, less was absorbed (P<001); there was an altered route of transport of the 14C absorbed, and the percentage of lymph lipid 14C as free fatty acid was much higher in the bile fistula group, but did not differ significantly from that obtained when 80.0 mg. of [U-14C] Borgstrom and Tryding (1956) and Vahouny, Woo, and Treadwell (1958) , and are probably maximal for rats drinking saline solutions ad lib.
Although in the control rats given [U-14C1 oleic acid (80.0 mg.) only 72-0% of the radioactivity was absorbed in 12 hours, this is similar to a mean absorption of 78.2% in the 24 hours after giving [1-14C] oleic acid to rats (Bergstrom, Blomstrand, and Borgstrom, 1954) . Possibly the surgical procedures diminish the capacity of the small intestine to absorb fat. The experiments on bile fistula rats confirm the observations that in the absence of bile fat absorption is only slightly impaired (Munk, 1890; Pessoa et al., 1953) . The low recovery of absorbed radioactivity in the thoracic duct lymph is similar to that reported by Borgstrom (1953) , and presumably most of the absorbed fatty acid was transported by the portal vein. This assumption is supported by finding a greater concentration of radioactivity in the portal vein than in the aorta after feeding [U-_4C] oleic acid to bile fistula rats; the wide scatter of results in this experiment is probably due to differences in the rate of fat absorption at the time of sampling, but four of the five values were higher than the mean + 2 S.D. of a control group. In addition there was an impaired esterification of absorbed fatty acid by the intestinal mucosa in the absence of bile as the portal blood lipid radioactivity was predominantly free fatty acid, and there was an abnormally high proportion (28 0%) of the lymph lipid radioactivity in the free fatty acid fraction. In the control rats the absorbed fat was mainly esterified which is consistent with the range of 3.8 to 11 8 % of lymph lipid as free fatty acid reported by Borgstrom and Tryding (1956) . Normally, most of the lymph free fatty acid seems to be of endogenous origin (Blomstrand and Dahlback, 1960) .
As the importance of bile in fat absorption is thought to be due to the emulsifying properties of conjugated bile salts in the small intestinal lumen, attempts were made to correct the defects of aborption in bile fistula rats by giving the oleic acid emulsified in taurocholate, the predominant bile salt in rat bile (Haslewood, 1955) , in Tween 20, or in an ultrasonic disintegrator without added emulsifying agents. These emulsions were given intraduodenally to prevent their disruption by gastric acidity. The amount absorbed was slightly increased by taurocholate, but the route of transport, with appearance of fat in the lymph, was equally well corrected by all three. Thus, in some way the size of the absorbed fat particles determines the subsequent route of transport. Yet, neither the Tween 20 nor sonicated emulsions corrected the defect in esterification as shown by the constant high percentage of absorbed oleic acid in the free fatty acid fraction of the lymph lipids. It is unlikely that Tween 20 inhibited esterification, for when given to control rats there was no difference from those controls given the oleic acid as the oil. The criticism that the esterification defect is illusory, that although the proportion of unesterified fat is abnormally high, the absolute amount transported as free fatty acid is the same in control and bile fistula rats given the oil can be met by the results of the experiments where oleic acid was given as an emulsion. Here, after giving the Tween 20 or sonicated emulsions there was a significantly higher amount of fat transported as free fatty acid in the lymph as compared with controls. On the other hand, taurocholate in a concentration similar to that which has been found in the intestinal lumen (Borgstrom, Dahlqvist, Lundh, and Sjovall, 1957) partially corrected the esterification defect. This supports evidence in vitro that taurocholate can directly affect the esterification of long-chain fatty acids by the mucosal cell (Dawson and Isselbacher, 1960 ). An alternative, less likely, explanation would be that the size of the fatty acid particle determines whether or not it is esterified, and that this critical size is only obtained by taurocholate and not the other two emulsions. Further evidence that bile salts might affect mucosal metabolism is given by Olson (1961) who reported that the conversion of P-carotene to vitamin A by rat small gut mucosa in vivo occurs only when the ,Bcarotene is emulsified in bile salts, and not other agents such as Tween 80. Recent evidence that bile salts are mainly absorbed in the ileum (Baker and Searle, 1960; Weiner and Lack, 1962) suggests that any cellular action of bile salts might be mediated by an action on the cell membrane, possibly analogous to an action of insulin-stimulating pinocytosis by adipose tissue cells (Barrnett and Ball, 1959) . Some fat is absorbed by pinocytosis (Palay and Karlin, 1959) and the membrane which surrounds the fat globule is a part of the endoplasmic reticulum of the cell which contains most of the enzymes necessary for triglyceride synthesis (Hubscher, Clark, and Webb, 1962; Senior and Isselbacher, 1961) . Thus it is possible that fatty acids entering the cell by pinocytosis are converted to triglyceride while those entering in another manner remain unesterified.
The transport of absorbed long-chain fatty acids in the portal blood of bile fistula rats is reminiscent of the original partition theory (Frazer, 1943) in which it was claimed that any free fatty acid formed in the intestinal lumen was mainly absorbed as a water-soluble soap and passed through into the portal vein, while lower glycerides and bile salts emulsified the rest of the fat which passed into the lymph. This theory was modified with the introduction of 14C labelled fatty acids when it was shown that no matter the form of the fat fed-free acid or triglyceride-the extent of the recovery in the lymph depends on the chain length of the fatty acid; the shorter the chain length the less appears in the lymph (reviewed by Bergstrom and Borgstrom, 1955) . Although long-chain fatty acids are mainly transported by the lymphatic route, it seems likely that a small amount does pass into the portal vein in the normal animal. For in the control rats given [U-14C] oleic acid (80-0 mg.) only 82-0 % of the 14C absorbed was recovered in lymph lipids, and this incomplete recovery in lymph of absorbed longchain fatty acid is supported by other workers (Bloom et al., 1950; Chaikoff, Bloom, Stevens, Reinhardt, and Dauben, 1951; Borgstr6m, 1952b; Bergstrom et al., 1954) . In addition, after giving [U-14C] oleic acid to a control group of rats without thoracic duct or bile fistulae, four of the five had slightly higher concentrations of radioactivity in portal than peripheral blood, and this has been observed by Kiyasu, Bloom, and Chaikoff (1952) ; however, as the blood samples were taken from anaesthetized animals one must be cautious in interpreting the results due to the profound effect of anaesthesia on fat absorption (Bergstrdm et al., 1954) . The proportion of absorbed long-chain fatty acid that is transported in the portal vein may represent that fatty acid in solution in the intestinal lumen. This would explain why significantly less of the 8.0 mg. than the 80O0 mg. of oleic acid was recovered in the lymph of control rats, for presumably a greater proportion of the small dose would be soluble and hence transported in the portal vein. In the bile fistula animal it is probable that longchain fatty acids are absorbed from a solution in the gut lumen, and are then transported as the free acid in the portal blood, a route which is used in the normal animal, but to a minor degree. 
